A cell viability test was conducted via a colorimetric and colony forming assay after 1 day and 3 days of incubation with TNF-alpha. Western blotting analysis and immunofluorescence staining were conducted to explore TNF-alpha-induced morphological and molecular changes in the adhesion molecules, E-cadherin and claudin-4. The effects of γ -irradiation at a dose of 2 Gy on cell survival were evaluated by a clonogenic assay. The molecular changes in apoptosis-regulatory proteins were assessed by Western blotting.
TNF-alpha Downregulates E-cadherin and Sensitizes Response to γ -irradiation in Caco-2 Cells
Cancer
I n t r o d u c t i o n
TNF-alpha, an inflammatory cytokine, can induce a diverse range of biological responses (1) (2) (3) . Signaling by TNF-alpha is initiated through binding to its receptor, tumor necrosis factor receptor 1 which induces apoptosis via caspase-8 and caspase-3 activation in many cancer cells (4, 5) . TNF-alpha has been previously proposed as a possible candidate for cancer treatment because TNF-alpha enhanced LNCaP prostate cancer cells in response to radiation by ceramide-mediated apoptosis (6) and sensitized the Hodgkin cell line, HD-MyZ, to chemotherapeutic drugs through the activation of caspase-3 and Bid cleavage (7). However, TNF-alpha signaling also induces anti-apoptotic signals by inducing tumor growth mediated by NF-kB transcription factor (8) .
Alteration of junctional proteins has been reported in case studies with TNF-alpha treatment applied to cancer cells (9-11) as well as endothelial cells (12, 13) . In the case of endothelial cells, enhanced vascular permeability by TNF-alpha treatment facilitates the uptake of chemotherapeutic drugs and antibodies and contributes to enhanced apoptosis (14, 15) . However, TNF-alpha-induced alterations of junctional proteins do not contribute to apoptosis in the majority of cancer cells, and this is particularly true in colon cancer cells (4) . Only the combined treatment of TNF-alpha and interferonγdisrupted barriers in T84 colonic epithelial cells and enhanced apoptosis (9) . Therefore, in this study, our intent was to determine the effects of TNF-alpha on the viability of Caco-2 well-differentiated colon adenocarcinoma cells, and to estimate the sensitivity of these cells to radiation in order to develop TNF-alpha into a therapeutic agent for cancer.
M a t e r i a l s a n d M e t h o d s 1 Cell culture and TNF-alpha treatment
The Caco-2 human colon adenocarcinoma cell line was obtained from the American Type Culture Collection (Manassas, VA) and maintained in DMEM containing 10% fetal bovine serum (FBS) with 100,000 U/L of penicillin and 100 mg/L of streptomycin (Gibco BRL, Gaithersburg, MD). The concentration of TNF-alpha (R&D Systems, Minneapolis, MN) used for treatment was 10 and 100 ng/mL respectively. For co-treatment of Caco-2 cells with TNF-alpha and γ -irradiation, 10 ng/mL of TNF-alpha was added 16 hr prior to exposing the cells to 2 Gy of γ -irradiation.
Cytotoxicity assay
Cell viability was evaluated by a colorimetric assay using a cell viability and cytotoxicity assay kit (Dojindo Molecular Technologies, Rockville, MD). Briefly, Caco-2 cells were seeded at 5×10 3 cells in 96-well plates and permitted to attach to the plates for 2 days after which TNF-alpha was added. After 3 days of incubation, 10 μ L of color reagent was added to each well, and the cells were incubated for 1 hour. The mean absorbance at 450 nm in each set of samples was determined.
Clonogenic assay
To determine Caco-2 cell survival after exposure to γ -irradiation, 200 cells were seeded in 35 mm dishes and exposed to 2 Gy, 4 Gy and 8 Gy of irradiation in the presence or absence of TNF-alpha. After 10 days of incubation, the colonies were stained with crystal violet and counted. TNF-alpha was added 16 hr before irradiation to cells.
Western blot analysis
Total cell lysates were prepared for Western blot analysis. Caco-2 cells were harvested and lysed in a buffer containing 1% SDS, 1% Triton X-100, 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β -glycerophosphate, 1 mM Na 3 VO 4 , 1 μ g/mL leupeptin, and 2 mM PMSF. 20 μ g of total extracted proteins were applied per lane for SDS-PAGE. After transfer to nitrocellulose membranes, protein expression levels were assessed using specific antibodies to Ecadherin, PARP, bcl-xl, phospho-JNK (Cell signaling Technology, Danvers, MA), claudin-4 (Zymed, South San Francisco, CA), and α -tubulin (Sigma, St. Louis, MO).
Immunofluorescence staining and confocal microscopy
Immunofluorescence staining was conducted on Caco-2 cells cultured on cover slips. All staining procedures were performed on ice or at 4℃ unless otherwise noted. The cells were fixed in 4% paraformaldehyde, permeabilized for 5 min with 0.1% Triton X-100, and antibodies were added at dilutions recommended by the manufacturer. Laser scanning confocal microscopy was done using a MRC-1024/ES confocal microscope (Bio-Rad, Hercules, CA).
R e s u l t s 1 Caco-2 cells are resistant to TNF-alpha-induced cell death
In an effort to assess the biological effects of TNF-alpha, we first determined the viability and cytotoxicity of TNF-alpha in Caco-2 cells. From the cytotoxicity assay, Caco-2 cells were shown to be highly resistant to TNF-alpha-induced cell death and viable in the presence of TNF-alpha for 3 days at 10 ng/mL and 100 ng/mL concentrations, respectively (Fig. 1A) . No significant changes in cell survival were observed by increasing the concentration of TNFalpha up to 10-fold. We used 10 ng/mL of TNF-alpha for all further experiments looking at the effects of TNF alpha on Caco-2 cells.
TNF-alpha alters E-cadherin and claudin-4 in Caco-cells
Although Caco-2 cells are resistant to TNF-alpha-induced cell death even at high concentrations of TNF-alpha, molecular alterations of E-cadherin and claudin-4 were seen in Caco-2 cells. Down-regulated E-cadherin expression was detected via Western blot and Immunofluorescence staining. For claudin-4 the most abundantly expressed protein in the claudin family group of proteins in Caco-2 cells, the expression level remained the same, but the cellular localization of claudin-4 was altered from the membrane to the cytoplasm in a scattered pattern (Fig. 1B, C ). This suggests disruptions of adherens junctional complexes and tight junctions in TNF-alpha-treated Caco-2 cells. The molecular alterations of Ecadherin and claudin-4 were neither accompanied by morphological changes or viability, but may influence susceptibility to cell death by secondary apoptotic stimuli. We used γ -irradiation as an apoptotic stress and applied various doses of γ -irradiation to the Caco-2 cells after treatment with TNF-alpha. Cytotoxicity assays were conducted on TNF-alpha-treated Caco-2 cells at 10 and 100 ng/mL concentrations. Caco-2 cells were seeded at 5× 10 3 cells in 96-well plates and permitted to attach to plates for 2 days, after which TNF-alpha was added. After 3 days of incubation, 10 μ L of color reagent was added to each well, and the cells were incubated for 1 h. The mean absorbance at 450 nm in each set of samples was measured. Shown are the mean percentages of cell survival ± S.E. of three independent experiments. (B) Downregulation of E-cadherin was noted in the TNF-alpha (10 ng/mL)-treated Caco-2 cells, but not claudin-4. E-cadherin, and claudin-4 expression levels were assessed via Western blot. Total cell lysates were prepared. (C) Downregulation of E-cadherin and altered claudin-4 translocation were noted in the TNFalpha (10 ng/mL)-treated Caco-2 cells. Immunofluorescence staining for E-cadherin and claudin-4 was conducted on Caco-2 cells cultured on cover slips. The cells were fixed in 4% paraformaldehyde, permeabilized for 5 min with 0.1% Triton X-100, and antibodies were added at a dilution recommended by the manufacturer. Laser scanning confocal microscopy was conducted with a MRC-1024/ES confocal microscope. 
TNF-alpha enhances cell death induced by 2 Gy of γ -irradiation
The induction of cell death by 2 Gy of γ -irradiation, a relatively low dose of γ -irradiation, in TNF-alpha-treated Caco-2 cells was estimated by clonogenic assay for 10 days. There were no significant changes in the surviving fraction of TNF-alpha-treated Caco-2 cells under normal conditions or when exposed to 0 Gy or the control exposed to 2 Gy of γ -irradiation. However, we observed a significant reduction in the surviving fraction of Caco-2 Cells when pre-treated with TNF-alpha and exposed to 2 Gy of γ -irradiation ( Fig. 2A) . Only a 10% of reduction was observed in TNF-alpha-treated Caco-2 cells under normal condition and a similar result was obtained from the cytotoxicity assay (described in Fig. 1A ). In addition, the control exposed to 2 Gy of γ -irradiation resulted in an 11% of reduction in the surviving fraction. Also, Caco-2 cells proved resistant to a low dose of γ -irradiation (2 Gy). This shows that neither TNF-alpha nor 2 Gy of γ -irradiation independently exert significant effects on cell death and survival in Caco-2 cells. However, the surviving fraction in cells exposed to 2 Gy of γ -irradiation following pre-treatment with TNF-alpha for 16 hr was reduced up to 50%. This suggests that pre-treatment with TNF-alpha combined with exposure to 2 Gy of γ -irradiation successfully enhanced cell death in Caco-2 cells.
In order to prove that 2 Gy of γ -irradiation with TNF-alpha pretreatment is sufficient to enhance cell death in Caco-2 cells, we applied various doses of γ -irradiation to Caco-2 cells after a 16 hr pre-treatment of TNF-alpha. After 10 days of clonogenic assay, significant alteration in the surviving fraction was detected only in cells under the 2 Gy of γ -irradiation condition (Fig. 2B) . The surviving fractions in the control exposed to 4 Gy and 8 Gy of γ -irradiation were already reduced to 50% and 25%, respectively. The pre-treatment of TNF-alpha along with exposure to 4 Gy and 8 Gy of γ -irradiation did not enhance cell death of Caco-2 cells. Both 4 Gy and 8 Gy of γ -irradiation were too strong to discriminate influences of TNF-alpha on cell death from γ -irradiation stimuli. Therefore, we speculate that TNF-alpha could be applied as a radiosensitizer to enhance of γ -irradiation-induced cell death induced by a low dose such as 2 Gy and TNF-alpha-mediated alterations of adhesion molecules may facilitate γ -irradiation-mediated cell death in Caco-2 cells. Since a 50% reduction of the surviving fraction in response to 2 Gy of γ -irradiation in combination with the pretreatment of TNF-alpha was observed, we wanted to investigate molecular alterations in apoptosis-regulating proteins.
TNF-alpha activates pro-apoptotic signals in Caco-2 cells
In order to elucidate the key regulatory molecules in cell death induced by combined treatment with TNF-alpha and 2 Gy of irradiation, the important regulators in cell death were determined Fig. 2 . Reduced cell survival of Caco-2 via combined treatment with TNF-alpha and 2 Gy of γ -irradiation. (A) Clonogenic assays were conducted to determine cell survival under the following experimental conditions: cells were treated separately with TNF-alpha (10 ng/mL) and γ -irradiation (2 Gy) or cells were pre-treated with TNF-alpha for 16 hr and then exposed to 2 Gy of γ -irradiation (combined treatment). After 10 days of incubation, the colonies were stained with crystal violet and the number of colonies was counted. The percent of cell survival was obtained by counting the surviving colonies. Shown are the mean percentages of cell survival±S.E. of three independent experiments. (B) The surviving fractions of TNF-alpha treatment for control were obtained to represent relative changes of surviving fractions under various doses of γ -irradiation conditions, 2 Gy, 4 Gy, and 8 Gy following TNF-alpha treatment. Only 2 Gy of γ -irradiation exposure to pre-treated TNF-alpha (10 ng/mL) cells exhibited reduction of cell survival. Shown are the surviving fraction of TNF-alpha treatment divided by the control surviving fraction, indicated below as a table, the mean percentages of cell survival±S.E. of three independent experiments. by Western blot. Because bcl-2 family members are important to the induction of anti-apoptotic signals and the ectopic expression of anti-sense bcl-xl enhanced apoptosis in Caco-2 cells (17), the cleavage of PARP and levels of bcl-xl expression were assessed. Neither TNF-alpha nor 2 Gy of irradiation alone initiated proapoptotic signals via the downregulation of bcl-xl expression levels. There was a slightly increased in PARP cleavage although this effect was not sufficient for the induction of apoptotic cell death (Fig.  3A) . However, synergistic downregulation of bcl-xl and upregulation of cleaved PARP were noted in the combined treatments of TNFalpha and 2 Gy of γ -irradiation. This correlates well with the enhanced cell death observed in the clonogenic assay (described in Fig. 2A ).
TNF-alpha induces activation of JNK under 2 Gy of γ -irradiation
Because c-Jun N-terminal kinases (JNKs) are involved in cell death induced by environmental stress, we wanted to know how stress-activated JNKs are involved in the enhanced cell death in caco-2 cells induced by pre-treatment with TNF-alpha and exposure to 2 Gy of γ -irradiation. The activation of JNK-1, 2 and 3 were observed by Western blot with phospho-specific JNK antibodies in pre-treated TNF-alpha Caco-2 cells 6 hr after irradiation. Weak phosphorylation of JNK-1 was seen in both TNF-alpha-treated Caco-2 cells and cells exposed to 2 Gy of γ -irradiation. As we had anticipated, enhanced phosphorylation of JNK-1, 2 and 3 were observed in the combined treatment with TNF-alpha and 2 Gy of γ -irradiation (Fig. 3B) . This correlates well with increases in cell death when using the combined treatment of TNF-alpha and 2 Gy of γ -irradiation in Caco-2 cells.
D i s c u s s i o n
TNF-alpha has been shown to induce an increase in tightjunctional permeability in Caco-2 cells; however, the molecular mechanisms responsible for these events and effects on cell survival have not yet been evaluated (4) . In this study, we assessed the molecular and functional consequences of TNF-alpha treatment in Caco-2 colon adenocarcinoma cells and determined the radiation sensitivity of these cells in order to apply TNF-alpha as a therapeutic agent for cancer. Caco-2 cells were found to be highly resistant to TNF-alpha-induced cell death. Although it was not linked to morphological changes, molecular alterations in E-cadherin and claudin-4 were observed. However, combined treatment with TNFalpha and 2 Gy of γ -irradiation significantly reduced the survival of Caco-2 cells and induced molecular changes in bcl-xl and PARP after the activation of JNKs. These results indicate that TNF-alpha may potentially be applied in combination with radiotherapy for the treatment of human colon cancer. E-cadherin is an important adhesion molecule in cell-cell junctions, and it has been previously reported that the downregulation of E-cadherin is correlated with tumor progression in many epithelial-derived tumors (16) . In cases of hereditary diffused gastric cancer (HDGC), the deregulation of E-cadherin renders cells resistant to apoptosis (18) ; bcl-2 overexpression reduces E-cadherinmediated junctions and causes unregulated growth in MCF-7 cells (19) . Additionally, E-cadherin is involved in the pro-apoptotic process via the regulation of the caveolin-1-mediated downregulation of survivin, an apoptosis inhibitor in HT 29 and B16-F10 melanomas (20) . Therefore, the downregulation of E-cadherin noted in TNF-alpha-treated Caco-2 cells was probably a favorable condition for cell survival rather than cell death. Additionally, alterations in junctional proteins render cells unstable and ready to respond to secondary apoptotic stimuli. Two Gy of irradiation coupled with pre-treatment of TNF-alpha altered Caco-2 cells rendering them to be susceptible to irradiation-induced cell death.
Bcl-xl is a member of the anti-apoptotic bcl-2 family and promotes cell survival through the regulation of the electrical and osmotic homeostasis of the mitochondria in response to a variety of stresses (21) . Particularly in Caco-2 cells, the forced expression of the antisense oligonucleotides for bcl-xl enhances apoptosis under irradiated conditions (17) . We could anticipate that high levels of bcl-xl might prove critical for the regulation of cell survival. Unexpectedly, both TNF-alpha and 2 Gy of γ -irradiation downregulate bcl-xl expression levels in Caco-2 cells. However, these effects were not linked to the reduction of the surviving fraction of Caco-2 cells as the deregulation of E-cadherin maintained the survival characteristics of cells under each condition. The effect of cell death was observed only in cases when the combined treatment of TNF-alpha and 2 Gy of γ -irradiation were applied which resulted in a synergistic downregulation of bcl-xl. PARP cleavage also increased in a synergistic fashion as the result of the combined treatments of TNF-alpha and γ -irradiation.
JNKs are known as stress-activated signaling molecules and induce cell death under environmental stress conditions (22) . The activation of JNKs was detected only in the combined treatments of TNF-alpha and 2 Gy of γ -irradiation. This finding correlated well with the enhanced cell death in Caco-2 cells via TNF-alpha and 2 Gy of γ -irradiation. In terms of time, the activation of JNKs occurs earlier than other molecular alterations. Therefore, we speculate that single treatment with TNF-alpha is not sufficient for the induction of Caco-2 cell death. It is possible that alterations in E-cadherin and claudin-4 junctional proteins may suppress JNK activation and cell death in Caco-2 cells. However, junctional modulations occurring as the consequence of TNF-alpha treatment may promote cell death in response to other additional cell death stimuli, in this case, 2 Gy of γ -irradiation. The radiosensitizing roles for TNF-alpha were only effective for 2 Gy of γ -irradiation, a relatively low dose, compared to 4 and 8 Gy. At high doses of γ -irradiation, 4 Gy and 8 Gy, enhanced cell death via TNF-alpha pre-treatment was impaired. This could be caused by excessive death signals from irradiationinduced DNA damages. We could not discriminate the additive effects of irradiation from the TNF-alpha-induced effects of the junctional modulations and apoptotic signaling molecules.
The downregulation of E-cadherin and claudin-4 induced by TNF -alpha treatment did not sufficiently activate JNKs and cell death, and 2 Gy of γ -irradiation alone also proved insufficient for the induction of cell death. Only the combination of 2 Gy of γ -irradiation with TNF-alpha pre-treatment was shown to activate JNKs and enhance cell death. In conclusion, the results of this study indicate that TNF-alpha may potentially be applied in combination with a low dose of radiotherapy to treat human colon cancer.
C o n c l u s i o n
Caco-2 cells were determined to be highly resistant to TNF-alphainduced cell death although molecular alterations of adhesion proteins were observed. However, combined treatment with TNFalpha and 2 Gy of γ -irradiation effectively reduced the survival of Caco-2 cells and induced molecular changes in bcl-xl and PARP following the activation of JNKs. These results suggest that TNFalpha may be potentially applied in combination with radiotherapy at a low dose, 2 Gy, as a treatment for human colon cancer.
